Abstract Purpose This article focuses on a novel Advanced Train LocAtion Simulator (ATLAS) for on-board railway location using wireless communication technologies, such as satellite navigation and location based systems. ATLAS allows the creation of multiple simulation environments providing a versatile tool for testing and assessing new train location services. This enhancement reduces the number of tests performed in real scenarios and trains, reducing the cost and development time of new location systems as well as assessing the performance level for given tracks. Methods The simulation platform is based on modular blocks, where each block can be replaced or improved. The
Introduction
In the last few years, the railway sector has realized the importance of a more efficient use of the existing railways infrastructures. The heavily congested tracks are being used below their maximum capability, thereby producing minor operation delays and other disturbances that affect to the transport service quality. The latest advances to solve this problem include the use of new on-board location systems that should increase the capability of the rail transportation and hence, its efficiency, decreasing infrastructure the costs.
The main drawback detected in the use of on-board location systems in the railway industry is the inability of providing a real time train position in every point of the tracks. Satellite based systems, the most widespread technologies to position globally, suffer from coverage problems mainly in urban environments. The environment orography is also an issue that affects to the availability of the satellite signals, e.g., canyons and tunnels.
A number of European research projects have dealt with this issue of increasing availability and reaching required accuracy and safety levels in on-board location systems for railway sector. For example, projects such as 3InSat [1] , SATLOC [47] , LOCOPROL [36] , GRAIL [20] , GRAIL II [19] and EATS [12] , propose the use Global Navigation Satellite Systems (GNSS) along with other technologies such as Global System for Mobile communications (GSM), Universal Mobile Telecommunications System (UMTS) or Inertial Measurement Unit (IMU) for locating the trains at any point along the tracks. Particularly, the LOCO-PROL [36] project reduces the positioning problem to the corresponding point in the track, thereby reducing the 3-dimensional position to only 1-dimension, a unique feature of the railway. The EATS [12] project proposes an on-board Smart Train Positioning System (STPS) based on the combination of different techniques proved useful for other industrial sectors with the aim of reaching ETCS level 3 requirements [10, 26, 32] : multi-antenna assembly to reduce multi-path effects and the combination of information sources such as GNSS, UMTS and GSM-Railway (GSM-R) which will provide full coverage on the tracks even in harsh environments. In general, the on-board hybridization of technologies will be a step forward towards European Train Control System (ETCS) level 3 minimizing track-side costs and maximizing track capacity.
Recently, UNISIG consortium [54] has provided some open issues and recommendations for the future steps of the new location systems. The proposed steps include the definition of the requirements for the on-board GNSS systems, the description of a system to qualify railway lines in regards to GNSS application, and the performance of larger test campaigns [55] . Analyzing the guidelines, and having into account the slow development and expensive cost for field testing in the case of the railway sector, the development of a simulation platform is an essential tool to accomplish with all the objectives and to reduce the design time and cost.
According to the state-of-art of simulation platforms, to our knowledge there has not been reported any simulation platform for on-board location systems in the railway sector. In this work, an Advanced Train LocAtion Simulator (ATLAS) for positioning systems is presented. ATLAS is a powerful configurable and modular framework to test different location systems in railway and to compare all of them under the same conditions of itinerary, coverage, etc. This modular platform allows the design of different receivers architectures, the use of several positioning technologies, the implementation of different data fusion strategies and the simulation of specific environments.
The rest of this article is organized as follows. Section 2 highlights the main technical and scientific challenges of a test platform for railway location systems. Section 3 analyses the main parameters that affect the location systems in railway sector. Section 4 explains the aim of the ATLAS platform and its design. Section 5 describes the main configuration options of the ATLAS tool and Section 6 the ATLAS platform core. Section 7 presents the case studies for the simulation platform validation. Finally, some conclusions and lines for future research are drawn in Section 8.
Technical problems in simulators for railway location systems
The aim of a railway location simulation platform is testing and comparing a broad range of location system strategies in railway sector, while reducing the design time and cost. Since field testing implies high costs in railway environment, this objective can only be achieved by using powerful simulation platforms. Moreover, considering the high number of configurations and possibilities to be compared, the following characteristics should also be fulfilled by such a simulation platform: -High configurability: every function block should be highly configurable. -Reusability: output of one function block should be reusable by different posterior function block. -Modularity and Extensibility: different functional blocks should be implemented in a modular fashion (with known interfaces to connect the different blocks), so that new functionalities are easily introduced by substituting one functional block with a new one.
There are several railway simulators focused on different areas of the railway operational aspects as signaling, railway network, logistics or timetable assessments [3, 34, 40, 42, 46] where the aim of the simulators is to predict and assess the behavior of the system that is being modeled for each concrete purpose. There are some other railway simulators focused on gaming [5, 23, 31] , where realistic graphical interfaces and visualizations are a key aspect of the platforms. Moreover, they incorporate operational procedures with the track side. They might offer realistic train models and routes, but the only information related to location is the traveled distance. Finally, there are a few tools useful for location systems in railways such as PEDRISSAT [37] , in order to provide information about the availability of satellites in a specific route based on the images captured with a camera on the train. None of the railway-related simulators is entirely focused on testing location services on railways. Moreover, it could be initially thought that non-railway simulators could also be useful for this purpose. That is why the use of generic -not railway specific-location simulators has been also taken into consideration. Actually, a variety of test platforms for location systems have been analyzed [7, 11, 49, 51, 52] . They have been implemented ad-hoc with the aim of designing, testing and analyzing the performance of several location algorithms. Moreover, they all share the common architecture shown in Fig. 1 that contains the following functional blocks:
-True position generator: the node(s) kinematic is reproduced, based on a trajectory and/or speed. It is the base information for the Input Generator. -Input Generator: based on a true position, this module generates the true input parameters that are used by the location algorithm being developed. A noise error is added to the true values so that pseudo-real inputs are used for the location algorithm. -Location algorithm: with the pseudo-real input parameters (or with inputs coming from field testing) is able to estimate the position of the node(s). -Error calculation: The output of the location algorithm is compared with the true position, in order to assess the error of the algorithm.
Regarding the test platforms analyzed, none of the true position generators is suitable for the railway location system. The platforms presented from [7, 51, 52] simulate only one node in a fixed trajectory and are not configurable. Reference [11] only offers one vehicle simulation, although it allows to configure some parameters. In contrast, several nodes are desirable to be simulated simultaneously in an advanced railway location system, as it is expected to hybridize their estimations due to the advantage that provides the fusion of different input information. Moreover, these nodes will be located on the roof of the train, so, the kinematic of the train and the exact placement of the nodes on the roof should have to be taken into account by the true position generator. Reference [49] is the only one that offers true positions for several nodes (Peer to Peer, P2P, topologies), but their kinematic is not applicable to the railway environment.
With regard to Input Generator, it must generate the input parameters used by the algorithms that are going to be tested. Ideally, this block should be easily updateable, so that output of the previous True Position Generator could be used by different Input Generators (to test different family of algorithms while keeping the rest of function blocks unaltered). However, in literature fixed parameters are always generated: in [11] true positions, pitch, yaw, roll and accelerations; in [51] , the pilot signal transmitted by a base station to a mobile station through the 3GPP WCDMA FDD downlink; in [52] , GPS pseudo-ranges and Angle of Arrival (AoA), Time of Arrival (TOA) and Time Difference of Arrival (TDOA) parameters; in [7] , TOA and TDOA and in [49] , pseudo-ranges for each P2P node. In all of them, the noise error applied is also fixed, although it seems to be in general configurable, which is a highly desirable characteristic. Only in [49] it is mentioned that the output of the Input Generator can be reused later on by several location algorithms. However, this is the only reusable functional block of this test platform. The reusability of all the outputs of all the function blocks would be valuable.
Regarding the algorithms, four scheme or algorithms are compared in [7, 49, 52] , by using statistical measurements of the errors, including Root Mean Square Error (RMSE) values. Reference [11] is more focused on the use of location estimations for crash detection, instead of comparing the performance infrastructure information should be taken into account, but also parameters that could affect the location system performance, which will be analyzed in detail in the following section.
Error sources in railway location systems
The aim of locating an object, in any application, is to know its global positioning accurately. When this concept is used in the railway sector, the accuracy and the degree of confidence of the provided position are the main concerns [20] . When using radio signals or wireless positioning systems these two parameters are deeply affected by the availability of the radio signals used to calculate the global positioning, so to increase the coverage, the use of hybrid systems is essential. In this work, a location system refers to any system based on GNSS, wireless networks, location based services and to on-boards systems (e.g., IMU, Odometer) able to positioning. Moreover, the technologies involved in this process as well as the positioning estimator and the hardware are the elements which play a key role in the location. The Ishikawa diagram, shown in Fig. 2 also called cause-and-effect diagram, models the main causes of inaccuracy and errors that affect the estimation of a position. The Ishikawa diagram is a quality control tool to identify potential factors and effects to consider in the modeling of the Figure 2 shows the four main causes of error in the estimation of a position: the information sources, the method used to estimate the position, the environment and the hardware [6, 8, 24, 53, 57, 58] .
Information Sources
The positioning estimation error is affected directly by the number and quality of the information sources that have been used for the estimation. These sources can rely on several technologies, but additional considerations need to be made.
Firstly, the transmission rate of each technology. Depending on the strategy followed by the position estimator, some of the received ranges can be obsolete by the time they are used. Moreover, the clock synchronization can cause an offset in the detection of the signal and add extra error, especially in time related positioning algorithms.
Furthermore, the intrinsic accuracy associated with the technology itself makes the position error to range from a few meters in the case of the GNSS, to several hundred, e.g., GSM-R. The use of stand-alone or hybrid technologies for positioning can improve or deteriorate the position estimates. Finally, the number and the distribution of the receivers, referred in this work as receivers architecture, can help in the positioning using some geometrical constraints.
Method
The method used in the position estimation contributes to the positioning error in several ways. Firstly, the data consistency, related with the validity or integrity of the received information, can present outliers or errors. When these data are used as input of a positioning algorithm, the calculated positions reflect these wrong data and deteriorate the accuracy of the system. Hence, an appropriate filtering of the input data is necessary prior to be used. Moreover, the time when these data are received and processed is also critical. Using information from pastime instants can lead us to erroneous position estimates.
Another concept related with the method is the selected data fusion strategy. The use of one approach or another has its advantages and drawbacks. Hence, its selection should be carefully studied.
Finally, some positioning algorithms, especially those employed for data fusion, need to set-up the initial conditions and performance parameters to work properly. An incorrect selection can increase the resulting error instead 
Environment
The environment of the location system may have also a great impact in the error. Even for the same information sources and estimation algorithms.
The infrastructure refers to the number of base transceivers stations (BTSs) or satellites in line-of-sight with the receiver as well as track-side objects, such as the balises. The position estimate can be more or less accurate depending on the number and the geo-localization of these elements [59] .
The features of the terrain or the orography may also limit the coverage of the different technologies. There are areas where the reception of the signals is difficult or can be blocked, e.g., canyons and tunnels.
Even when signals are available, environmental features have an impact on the accuracy of the position estimate, due to the different phenomena that affect to radio propagation. These can be related to the propagation of the signal: GPS traveling through the ionosphere or the attenuation produced by the weather for example. Moreover, this group includes the multipath and interferences that also affect the signal propagation and deteriorate the ranging estimates, and hence the positioning.
Finally, it is worthy to mention that in the case of onboard train location systems, the environment is a changing parameter. The train will move from cities to open areas, where existing infrastructure will be different. This will have an impact on coverage and accuracy.
Hardware
The hardware failures have been also considered in this Ishikawa analysis as a source of error. Any failure in any of the pieces of the location system, e.g., breakdown of receivers, can cause significant problems when used in a real system. These effects are usually studied with a hazard and operability study (HAZOPS) [9, 27] . However, as the objective of this paper is to present the ATLAS platform from the Once the main features that affect to the positioning error have been identified, the design of the ATLAS platform will be introduced.
ATLAS Platform Design
The ATLAS platform is a modular, flexible and easy to use tool. It reduces the design time and the cost of developing an on-board location system for railway. These features gives the possibility to adapt the platform to new technologies and test specific data fusion strategies for onboard positioning. The aim of this simulation platform is to test on-board location systems in a realistic environment. Moreover, ATLAS allows analyzing the performance of an existing on-board location system in new tracks or different environments.
The simulation platform architecture, shown in Fig. 3 , is divided in two main functionalities: the ATLAS Configuration and the ATLAS Core. These two main parts are described in depth in Sections 5 and 6 respectively.
The technical evaluation of the problem can be done from different two points of view. First, the minimum RAM (Random Memory Access) requirements and second, the total simulation time.
RAM requirements have to be analyzed based on a certain problem and evaluating the parameters that affect to it. The following problem is described as an example: -Track total distance: 224 km -Simulation Step: 1.0 sec -Speed Profile: Average speed aprox. 70 m/s -Number iterations: 100
The described items set a lower bound to the hardware RAM requirements. A change of any of these factors affects directly to the needed requirements for the simulation.
For example, in this case the performance analysis module has to manage simultaneously 100 files (given by the number of iterations) of 1 MB of size each, which is dependent of the track distance, speed profile and simulation step.
In total, for 1 algorithm, 3 algorithm configurations, 1 error configuration, 8 coaches and a receiver per coach, 2400 files need to be analyzed, in groups of 100 files as described.
In relation to the total simulation time, two kinds of factors can be identified as the main contributors. First, the ones that are related with the case studies, such as the number of algorithms, algorithm configurations, error configurations, number of coaches and number of receivers per coach. Others are related with the hardware directly, number of cores, processor speed, etc.
Nevertheless, the simulation platform is implemented using parallel programming techniques so it can take advantage of a scalable distributed computing.
Running the described simulation in a hardware with only 4 cores at 3.20 GHz and 8 GB of RAM needed about 10 hours.
Advanced train location simulator configuration
To attain ATLAS platform objectives, all the elements affecting the on-board location system must be configurable. This configuration is usually a cumbersome and complicated task. Therefore, in ATLAS, the configuration will be independent for each functional block. Furthermore, they can be used as standalone modules. Specially the following concepts have been taken into account to be configured: train model, track layout, errors, costs and time synchronization.
Train model
The train model does not only include train specifications, in addition to this it includes information related to the receivers installed in the train. Firstly, a specific physical train model is selected using the available information of trains that operate in railway nowadays, e.g., "High Speed Train Velaro E" [48] . The number of coaches as well as their dimensions and positioning of bogies are configurable. Secondly, the user distributes antenna receivers in each train coach and selects a technology for each of them, e.g., GPS, UMTS, etc. The placement of these receivers can follow a geometrical distribution which can be reused in more than one coach. So, for example, a triangle distribution can be designed placing an antenna receiver at each of the vertices's of the triangle. Finally, once these two steps are finished, the train is stored in the database and ready to be used in the tests.
Track layout
The track layout database includes both the track and the infrastructure information, e.g., BTS, track geo-location. This information is static in the sense that it will not change during the simulation. The simulation platform allows the use of any railway track if the geometry is correctly modeled in the database. The basic track information contains both the track points in WGS84 coordinates and the speed profile to correctly simulate the train velocity and behavior along the railway. Location of other elements in the infrastructure like balises or BTS can also be defined. Finally, the environment is also included with the track layout information. The errors associated to them are explained in the next section.
Errors
Different sources of error are present in the on-board location systems. The Ishikawa diagram in Section 3 helped to detect the most significant ones related to the positioning error. Note that the hardware failures considered in Section 3.4 are out of the scope of this work and will not be analyzed. To model all these errors, different performance zones have been defined in which the introduced error follows a statistical distribution with specific characteristics. The four defined environments are:
-Rural or open sky: without any signal blocked and less than 5% signal affected. -Suburban: some blocked signal, and the signal affected with medium Multipath/Non Line Of Sight (NLOS). -Urban: lots of signal blocked, and signal affected with large Multipath/NLOS. -Tunnel: signal blocked for some technologies, and signal affected with large Multipath/NLOS.
A specific route or the particular travel time can change the behavior of the on-board positioning system as the affected signals can change. To avoid this situation and to represent the performance zones in a more reliable way, it will be possible to define several error distributions for each of the defined environments.
The error distribution will be defined for each information source in each of the environments (Rural, Suburban, Urban and Tunnel). Moreover, as the Ishikawa diagram shows, the method used in the positioning estimation contributes also to the positioning error, so, the positioning algorithm to be used will also be configurable.
On-board location system costs
For on-board location systems in railway environment, the implementation cost is an important factor. Thus, a tradeoff between cost, accuracy and safety specifications must be achieved. Two groups are identified: the hardware cost and the installation cost. The former is bounded by a range of prices. The latter by the number of receivers installed and their distance to the central computer.
Time synchronization
As mentioned in 3.1, signal timing and synchronization are important parameters because of their influence in the positioning error. Related with the ATLAS platform, there is an additional reason to manage these parameters properly. Figure 4 presents a synchronization diagram. The first three lines are related to the technologies used during the simulation (Tech1, Tech2 and Tech3). As shown in the figure, each technology is considered to have a fixed frequency for the data generation. The aim is to overlap the data obtained (Received Data) and determine the minimum simulation frequency that the platform can support ( ) without any data loss. The value is calculated analyzing the received data and finding the minimum common multiple of the frequencies of the used technologies. This value is the maximum simulation step to avoid the data loss mentioned and test different estimator working frequencies. The result of the calculation generates the Simulation
Step frequency line. Any sub-multiple frequency of ( ) can be a simulation step valid to avoid data loss during simulation.
As the left side of Fig. 4 shows, the kinematic data of the train generated during submultiple of can be used without any data loss if the ATLAS position estimator works in a frequency multiple of the ATLAS simulation time step.
In the right side of the Fig. 4 , the result of having a wrong ( ) value is presented, where the dotted line represents the loss of data.
It is necessary to foresee different estimator working frequencies to fulfill position data retrieving time requirements. This option avoids realizing other simulation and reduces the time cost.
Advanced train location simulator core
The ATLAS Core is in charge of processing all the necessary configured data, simulating the train movement in the track, generating the necessary inputs for the algorithms, calculating the positioning estimates and analyzing its performance. The ATLAS Core has a differentiated and updateable module for each of the functional blocks that were identified in Section 2, which will be described next.
ATLAS route simulator
The aim of the ATLAS Route Simulator is to calculate the global positioning and/or velocity of each receiver and sensor contained in the train. Using a specific train model and track layout, this module moves the train along the track. It is important to render the train kinematic movement without any additional error and save it. This information will be used later on by the Performance Analysis module to quantify the error of the positioning estimates. That is the reason why ATLAS platform does not apply any error in the measurements in this module.
ATLAS input generator
The ATLAS Input Generator uses the data from the Route Simulator and generates the input sources with configured errors for the algorithms to be tested in the Position Estimator. This module first calculates the real ranging values for each defined parameter and then introduces a pseudorandom error to emulate a real situation. The error is introduced according to the performance zones already defined in Section 5.3.
ATLAS position estimator
The Position Estimator is the module responsible for testing different location algorithms. It may receive the ranging estimates from either GNSS, BTSs from Wireless Communication Technologies (WCT), or other sensors (e.g., IMU, balises, etc.) for positioning, that were generated previously by the Input Generator.
The ATLAS Position Estimator can integrate multisensor and multi-temporal data using Bayesian inference. Both particle and Kalman filters are proposed in the literature as solutions to the problem of estimating a position using the measurement(s) received [7, 10, 22, 38] . The modularity of the ATLAS platform allows evaluating different positioning strategies and algorithms, selecting the most adequate configuration.
ATLAS performance analyzer
This last module allows the user to compare and contrast the behavior of each positioning configuration carried out, and thus to select the most favorable or convenient.
The position distance error, defined as the Euclidean distance between the real position calculated in Section 6.1 and the estimated one at each time instant along the trajectory, is statistically analyzed. The most common metrics for positioning error analysis, such as the RMSE and Cumulative Distribution Function (CDF) are selected. RMSE is a measure of the square root of the deviation of the estimated position about the true position, so it combines both the variance and the bias. CDF is the probability of having a distance error in positioning lower than a certain value. With this metrics, each configuration of the ATLAS platform can be compared under the same conditions and the most suitable one can be chosen (see Section 7.2.4).
To calculate the performance metrics of a given location system in a new track or train, Monte Carlo methods (or Monte Carlo experiments) can be performed. These are a broad class of computational algorithms that rely on repeated random sampling to obtain numerical results; typically one runs simulations/measures many times over in order to obtain the distribution of an unknown probabilistic entity [33, 43, 45] .
Furthermore, cost analysis is performed because of the need to reach a trade-off between accuracy and the location system implementation cost for the railway sector.
From the description of the ATLAS platform, it can be clearly seen that it fulfills the objectives presented in the Section 2 for a simulation platform for railway location systems. ATLAS platform provides numerous possibilities to test different on-board location systems from several points of view, as it can handle changes on every module showed in Fig. 3 .
Its configurability is present for example in changes in the track layout or infrastructure, modification of antenna distributions, etc. The modularity and extensibility of the platform allows the addition of new technologies, different data fusion approaches, etc. The number of possibilities that the platform presents is not fixed and allows mitigating the different error influences in the on-board location systems. The other feature the platform presents is the reusability. The platform is capable of taking advantage of the generated intermediate data to permit the use of this information by posterior modules, without the need of repeating the full simulation and thus, reducing the total simulation time between changes.
ATLAS case study: EATS
ATLAS platform is under continuous development to create new modules and adapt the platform to the latest technologies and positioning systems. The aim of the platform is to cover the lack of simulation platforms for on-board positioning systems, development of new data fusion strategies and test algorithms allowing faster improvements in this area. Moreover, it has been conceived to overcome the technical challenges that were identified in Section 2. Nowadays, the platform is operative to test certain location systems.
ATLAS has been tested under ETCS Advanced Testing and Smart Train Positioning System (EATS) project [12] . EATS proposes a leap in the train positioning system by means of the Smart Train Positioning System (STPS). Therefore, EATS research will be specifically focused on increasing the availability of the positioning system. Figure 5 illustrates the location strategy employed by STPS. EATS proposes the introduction of new positioning techniques joined to the use of different positioning technologies (e.g., GNSS) to increase the availability of the signal and the reduction of the positioning error.
The platform provides to EATS project a tool to automate the test of different antenna distributions applied to a train model under several performance zones. In addition [2] to this, positioning algorithms and different technologies used for positioning can be tested to allow the comparison of their performance and suitability for the railway sector.
In the EATS project to compute the position of a train, two main data fusion strategies are considered and one is applied for the preliminary case studies. Both approaches are discussed in the first subsection.
At present, simulations realized in EATS projects thanks to the platform allowed to verify the feasibility of including WCT such as UMTS and GSM-R for positioning as shown in the Section 7.2, presenting some preliminary results.
Data Fusion Strategies
There are two main approaches in the literature when using data fusion strategies [7, 22, 38] . The first strategy considered is the unified cascade shown in Fig. 6 . This option fuses all the available raw data and produces a final positioning estimate [7] . This option is fast but quite complex since combining data at different rates and from diverse sources requires more complex computation. However, the benefit is that no information is lost, and low probability errors in location is obtained.
The hybrid cascade strategy shown in Fig. 7 calculates partial positions with the data from each considered technology. Afterwards, a data fusion algorithm processes this information to produce the final estimate. With this strategy a final estimate is obtained when each of the positioning modules produces a partial position. An advanced integration of this option is to position only with GNSS and switch to another technology when this one is unavailable or deteriorated [10, 22] . This data fusion is more time consuming and needs extra hardware for calculation of the partial positions. Thus, it is more costly. For the preliminary use case the unified cascade approach is implemented for GSM-R and UMTS technologies. This data fusion strategy is the one used by EATS to obtain the individual positioning of a coach.
Preliminary case studies and results
ATLAS platform has been successfully implemented within the EATS project to verify the feasibility of using WCT in railway environments. The four modules introduced in Section 6 have been developed to test the GSM-R and UMTS technologies for the unified cascade data fusion strategy. It is important to underline that the Route Generator, Input Generator and the Performance Analyzer are independent of the selected positioning algorithm and the data fusion approach. In case another algorithm or data fusion strategy is chosen, the updates would only be done in the Position Estimator itself; Route Generator and Performance Analyzer modules could be reused without any changes, and Input Generator would be modified only if the Position Estimator needed different input parameters.
The main window of the Graphical User Interface (GUI) of the ATLAS platform offers an overall view of all the modules. Moreover, it includes a dedicated user interface for the configuration of the different function blocks, that will be 
Route generator
Two different scenarios have been used: Madrid-Calatayud high velocity line in Spain and Noorderkenpen -Antwerpen Luchtbal in Belgium. In Fig. 8 the user interface for the case study in Spain is shown. Next, the configuration information of the Route Generator for both case studies is described:
-Track information: Madrid-Calatayud high Velocity Line in Spain and Noorderkenpen -Antwerpen Luchtbal in Belgium. The two scenarios used are detailed in Table 1 (Spain) and Table 2 (Belgium). -Environment: For each point of the track, information related to the environment (urban, suburban, rural and tunnel) is introduced. Environment is defined based on the range of observed BTS in each point of the trajectory.This information is depicted together with the track by using a color code (green for urban, yellow for suburban, red for rural and orange for tunnel) [ Fig. 8 ]. The percentages of the environments are shown in Tables 1  and 2 . -Speed Profile: The speed profile has been obtained using a GPS receiver in a field-test for Spain case study and with processed odometer information for Belgium. The field test data had some blank areas due to the tunnels, so interpolation was applied to specify the speed in the intermediate points. The environment color code is also applied to the speed profile. -BTS: Information related to the BTSs. In the case of UMTS, the field testing permitted the rough location of the base stations in Spain case study and a public available database in Belgium case study. For the case of GSM-R, a double-layered GSM-R antenna distribution has been assumed following the information in [28] . In a double layer distribution the BTSs are located in both sides of the track consecutively and there are about 6.3 km between two BTSs of the same layer [28] . -Train: "High Speed Trainset Velaro E" [48] train has been modeled with the characteristics show in Table 3 . Furthermore, one UMTS receiver and another GSM-R receiver have been placed in the center of each coach.
The Route Generator, based on the information provided and the simulation parameters specified in the user interface, obtains the true position for every receiver in the train, with a frequency of a second, along all the trajectory. This information is saved, so that it could be used by different Input Generator modules.
Input generator
In the Input Generator configuration user interface, both the parameters to be generated and the errors to be introduced need to be defined.
In this case, the error values have been taken from the field test campaigns of the 3GPP, which provides a reliable manner to generate the input parameters close to the reality. Additionally, user could configure the values to adapt the generator to a previously characterized environment.
For the case studies of Spain and Belgium the following observables are going to be used: for GSM-R, the Timing Advance (TA) and the Enhanced Observed Time Difference (E-OTD); and for UMTS, the Round Trip Time (RTT) and Observed Time Difference of Arrival (OTDOA).
The observables in this section can be divided in two main groups.
On the one hand, TA and RTT observables, which are based on the time that is taken by a signal to travel from a BTS to a Mobile Station (MS), known as the Time of Arrival (TOA). The distance traveled from the BTS to the MS can generally be expressed as in Eq. 1.
Let (x, y,z) denote the position of the MS, and (x i , y i , z i ) be the position of the i th BTS [60] .
The TOA is a generic way of calling all the parameters related with the Time Of Arrival. For GSM-R, the parameter related with the TOA is known as TA (Time of Arrival). In the same way, for UMTS the parameter related with the TOA is known as RTT (Round Trip Time). The standard deviation value for each of the technologies is going to be described separately.
For the TA parameter only the measurement error is taken into account due to the fact that the synchronization errors are solved with the time slot guard period [13] . As result, in the Eq. 3, error is based on the TA measurement the error and the quantization error, where (T b ) is the chip duration, for GSM-R is 48/13 μs and χ varies from [0,1] depending on the MS speed [60] .
A standard deviation of 50 m for the RTT observable is presented for the simulation in [14] . On the other hand, the OTDOA and the E-OTD observables are based on time differences of arrival (TDOA) between the reference BTS and the neighbor BTS. The distance between the reference BTS, the neighbor BTS and the MS is defined in Eq. 5.
where, the reference BTS position is defined as (x o , y o , z o ) , the neighbor BTS position as (x i , y i , z i ) and (x, y, z) defines the MS position.
The same way as for the TOA in the case of the TDOA the standard deviation values of each technology are going to be defined separately. A standard deviation of the noise error can be defined for the E-OTD using the Eq. 7. The range error is bounded depending on: a certain frequency source stability parameter (T I E RMS ), percentile associated with the maximum range error (e.g. when T I E RMS has a Gaussian distribution C p(67 %) = 1.0), reporting period T and speed of light in vacuum c [15] .
In case of the OTDOA the SFN-SFN observed time, where SFN is the System Frame Numbers, is used to measure the OTDOA and hence for position determination. The accuracy provided by the OTDOA is 0.5 chip error [50, 61] . The chip duration T b and the speed of light c are used in Eq. 8 to convert the OTDOA chip accuracy value into a measurement error.
The frequency of the generation is configured in the user interface with the values shown in the Table 4 .
Once all the information has been defined, the Input Generator generates estimated parameters according to the environment. These parameters for the case studies are generated with a frequency of 1 Hz, in the true position points of the corresponding receivers (calculated previously by the Route Generator) at each time epoch. If the value is set to 0 Hz the Input Generator module does not generate a value for that parameter.
All these observations have been encoded as defined in the standards [16] [17] [18] . Finally, it is worthy to highlight that all the parameters are user-specified simulation inputs and could be easily changed for other case studies.
Position estimator
Kalman Filters are adaptive filters that have been widely used for many engineering applications [21, 25] . Extended Kalman Filter (EKF), approximates the state distribution by a Gaussian random variable. Then, this state is propagated analytically through the first-order linearization of the nonlinear system. This approximation can introduce errors that in general lead to a non-optimal performance of this filter and in some cases to diverge from the true solution. To solve these problems, there are in the literature a wide range of methods that try to minimize the error [4, 39, 41, 44] .
The Unscented Kalman Filter (UKF) tries to approximate the state distribution using a reduced set of sample points that capture the true mean and covariance of the Gaussian random variables. This algorithm captures the posterior mean and covariance accurately to the third order Taylor series expansion for any nonlinearity [29, 56] .
Nonlinearities are present on the behavior of the GSM-R and UMTS observable because of the environment influences (signal shadowing, No Line of Sight (NLoS),) and propagation laws. Furthermore, as the location-based services that they offer are limited, and in the case of the GSM-R technology, it was not conceived to support this kind of services. Due to all these reasons, the use of UKF is better suited than EKF [30, 35] .
Three different algorithms configurations have been developed based on the UKF algorithm and configured in ATLAS Position Estimator to be executed: UMTS position estimator using RTT and OTDOA parameters; GSM-R position estimator using TA and E-OTD parameters; and a hybrid approach using RTT, OTDOA, TA and E-OTD parameters.
The UKF includes two steps. First, the prediction step, where the state model is updated based on mathematical laws. Second, the correction step, where the states after the prediction step are modified based on the obtained measurements. These models and steps are going to be described next.
State model The position of a element is denoted in the following as x (i,t) y (i,t) z (i,t) , where i indicates the number of the element and t the time instant.
Let us define (i,t) as the state vector of our system at time step t. It is of length 6, which will be denoted P , and contains the target element position to be estimated, as well as the first derivatives of the position:
Measurement model ρ (i,t) is the observation vector and contains the entry parameters of the Kalman filter at time step t. In our case, it contains the noise observations from the i element to the N BTS:
The observations can be a combination of RSS, AOA, TOA or TDOA measurements and are calculated using only geometric approaches by translating the observation to a distance parameter and solving linear equations. Thus, the length of this vector will be in general greater than the number of BTS.
Prediction step A discrete constant acceleration model has been used to describe the transition of (i,t) from one time step to the next one. Using this motion model, in the prediction state, a predicted (i,t) for the actual time step on basis of the estimated (i,t−1) of the previous time instance can be determined. In the same way, the error covariance matrix P (i,t) is predicted based on previous covariance matrix P (i,t−1) .
In this case both matrix (i,t) and P (i,t) are augmented, denoted by (a), with the state mean and covariance of the process noise Q and the covariance of the measurement noise R.
(a)
A set of L sigma points ( χ (a) (l) ) are derived from the augmented state and covariance where L is the dimension of the state.
For calculation of the sigma points Cholesky decomposition is used over (L + λ) P (a) (i,t−1) . From the square root of the resultant diagonal matrix, defined as
, the l th column is used to generate the sigma points (see . λ is the resultant value of the variables α and κ that control the spread of the sigma points. α is usually set to a small positive value and κ to zero. β is related to the distribution of the state. For a Gaussian distribution, β = 2.
The UKF generally requires a reduced number of sigma/sample points in comparison with other methods such as the Particle Filters where the number of random points used to have a reasonable performance are higher.
Then, the sigma points are propagated through the transition function f ()
Using these sigma points, the predicted state and covariance matrix are calculated: 
Then, this predicted sigma points are weighted and recombined to produce the predicted observation vector (24) Correction step The task of the correction state is to obtain an updated state estimate (i,t) using the predicted state estimate (i,t) , the Kalman gain matrix K (i,t) and the observation vector ρ (i,t) :
The Kalman gain matrix K (i,t) is obtained as:
where P ρ (i,t) ρ (i,t) the predicted measurement covariance and
is the state-measurement cross-covariance matrix
The final step is to obtain the estimation of the error covariance, (29) After the configuration, ATLAS Position Estimator executes the different algorithm configurations using the same input sets that were created by the Input Generator. The first algorithm configuration uses only GSM-R signals, the second one uses UMTS signals and the third one uses both technologies signal inputs.
The output of the three algorithm configurations generated in the Position Estimator are saved to be used them later on by the Performance Analyzer.
Performance analyzer
The Performance Analyzer allows the end user to compare the results obtained from the Position Estimator.
To analyze the performance of a WCT positioning algorithm is a complex task that involves several factors and sources of errors. In this work, the following performance measures are used. 
wherex,ŷ,ẑ are the estimated position and x, y, z the true positions along the trajectory.
Mean distance error
The mean distance error of the estimated positions is given by Eq. 31. It represents the arithmetic mean of the distance error for every member of the population, in this case, the estimated positions: Standard deviation The standard deviation of the distance error of the estimated positions is given by Eq. 32: (32) where N MC is the number of iterations.
Root Mean Square position error The root mean square error (RMSE) accuracy is a measure of the square root of the deviation of the estimated position about the true position, so it combines both the variance and the bias. For a two dimensional space, the RMSE is given by Eq. 33
where E is the expectation operator.
Cumulative distribution function The Cumulative Distribution Function (CDF) of the positioning shows the probability of a having a distance error in positioning of less than a certain value (see Eq. 34):
where p(x) is the density function of the distance position error, and x the selected value of the distance error.
The most basic performance analysis configuration permits the selection of the output files to be analyzed. In this case, the outputs of the two location approaches used in the receivers of the head coach are selected.
Once configured, ATLAS platform compares automatically the output of the algorithms with the corresponding original true position information (which was created by the Route Generator). In this example, Figs. 9 and 10 shows the results of the comparisons of the simulations, where the GSM-R and UMTS BTSs are also depicted. Figures 9 and 10 presents the true position information (Track), GSM-R position estimator output, UMTS position estimator output and the hybrid position estimator output. A zoom is also depicted in the figure area. It can be seen in the obtained results that the hybrid approach attains the best results. Table 5 compares quantitatively the performance of the three positioning methods and the two scenarios by using the RMSE (see Eq.33) and the value of the distance error in 95 % of the situations (CDF 95 %)(see Eq. 34).
The ATLAS platform generates the results of all the simulation and of every particular environment.
First, the overall results obtained for each case study are going to be analyzed. These results are obtained for the application of the statistical metrics to the realized iterations to obtain representative results. As shown in both case studies, hybridization performance results are the best and provide the best alternative to try to reach ETCS level 3 position and integrity requirements.
Additionally, ATLAS simulation platform can generate a performance analysis of the particular characterized environments. As an example, the tunnel environment is included, where UMTS input parameters do not exist because the frequency for the its observables was set to zero in the tunnel environment. However, surprisingly UMTS alone offers even better RMSE results than GSM-R alone in the tunnel environment in the Belgium use case. In order to explain this behavior, it has to be taken into account that the UKF algorithm applied in the simulation contains a prediction state and can provide a position even if there is not any available signal and have better RMSE performance results in UMTS than in GSM-R. However, it is necessary to point out that in that the prediction steps could improve the location system under small signal lost periods, but afterwards it can not ensure the provided position integrity. This is the reason why the GSM-R in considered better in tunnels even if the performance results are worse.
From these results of the preliminary cases studies, we can confirm that the hybridization of the data information sources provides a better positioning algorithm. It is important to remark that the presented approach of location system does not try be an alternative for the traditional more accurate GNSS+INS approach. The aim of this location method is to be a complementary solution able to increase the availability in low coverage areas. The GNSS+INS approach presents a better performance than the WCT technological one, but in low coverage areas where GNSS signal is blocked during long periods GNS+INS solution is not recommended due to the accumulative error provided by the INS. The presented complementary method tries to use the GSM-R and UMTS infrastructure to provide additional information sources in these areas. This way the availability will be increased allowing the on-board locat ion system to provide a position along the trajectory and fulfilling the requirements to reach ETCS level 3.
Conclusion
ATLAS, the simulator platform described in this paper provides a novel approach for evaluating the impact of the emerging new on-board location systems on railway sector. The simulation platform provides a tool to analyze and compare different location systems working additionally as a benchmark due to the capability of reproducing the same simulation conditions. The modularity of the platform facilitates the addition of more complex modules and testing of on-board hybrid location systems.
ATLAS platform provides a tool that reduces the cost of implementation of an on-board location system by decreasing the needed number of field testing. Moreover, it allows the evaluation of an existing location system into a new track, offering valuable information to the railway operators.
Partial conclusions about each of the ATLAS modules can be drawn: -Route generator: The characterization of the whole case study have a direct effect in the obtained results. Nowadays, due to the infrastructure operators confidentiality, the crucial point is to obtain the GSM-R BTS geo-location. -Input Generator: The generation of realistic observables is a must. The error values used during the simulation of the case studies are taken from the 3GPP specifications. This way it can be ensured the validity of the obtained results. Additionally, user can characterize the environments using particular field test values, providing flexibility to the on-board location system analysis. -Position Estimator: Hybridization of the technologies has provided the best performance in the realized test cases. It should minimize the effect of the singular error points using a set of constraints to improve overall performance. Additionally, other position information sources (e.g. IMUs) can be used to improve tunnel environment performance as long as the measurement integrity can be ensured. -Performance Analyzer: It allows the analysis of the case studies and further analysis of the singular points, as differentiated analysis based on the environment can be performed. The evaluation of the side effects of certain characterization can be detected. However, it seems reasonable to keep on developing more tools to facilitate the discussion of the results.
Summarizing, the next step and future work in the ATLAS platform, is first to enhance the WCT positioning estimators, such as the errors inside the tunnel providing a better characterization, and second to implement both data fusion strategies into ATLAS platform and obtain results to determine which of the approaches is more suitable to reach European Train Control System (ETCS) level 3 requirements for on-board location systems.
